Introduction Why are floodplains important?
Floodplains are an integral part of river systems created and maintained by fluctuating water levels and flows (Junk et al, 1989; Ward et al., 1999) . Interactions between the hydrological aspects and the landscape typically support a rich range of ecosystems associated with a complex mosaic of riparian landforms and biological communities (Jungwirth et al., 2002; Ward et al., 2002) . Key physical drivers structuring these ecosystems include the dynamic characteristics of climate, periodic flooding, and associated natural disturbance effects (White et al., 2007) . They may occur in all geographical areas and at many points along the river corridor continuum (Tockner et al., 2000) .
The many different biological communities found in floodplain landscapes include a wide range of aquatic and semi-aquatic wetland communities and periodically flooded forest types, all reliant to some degree on their connection to the river. In these dynamic environments, interactions between physico-chemical and biological process operate at many different spatio-temporal scales with the natural disturbance aspects ensuring regular turnover . Hydrological connectivity facilitates exchanges of materials and energy in addition to providing dispersal pathways for biota (Phelps et al., 2015; Thorp et al., 2006) . Interplay between the dynamic and connective aspects fosters a continual evolution of ecotones that promotes a high diversity of ecological niches. In turn this supports high levels of biodiversity (Amoros & Bornette, 2002; Ward et al., 2002) . In New Zealand as with elsewhere, floodplains provide habitat for many iconic and threatened species, some of which depend on these systems for critical components of their life cycle (DOC & MfE, 2000; UNEP/GPA, 2006) . In addition, they support many societal values and uses including a wide range of commercial, cultural and recreational activities.
Across the world many floodplains have been degraded by human activities and continue to be lost under pressures from multiple stressors Wohl, 2011) . However, the primary causes relate to hydrological alterations because of the many interests in rivers. These include their use for navigational purposes, energy generation, and as a source of water for agriculture (Benke et al., 2000; Nilsson et al., 2005; Tockner & Stanford, 2002) . In combination with their disposition towards periodic flooding and its potential impacts on human activities, this has resulted in the regulation of many rivers through engineering designed to control characteristics of water levels, direction, and flows (Hauer & Lorang, 2004; Kuiper et al., 2014; Nilsson et al., 2000) .
These alterations often promote the expansion of human settlement and intensive land uses in floodplain landscapes that were previously untenable due to natural river dynamics (Jungwirth et al., 2002) . Even where remnant floodplain ecosystems may be found, the disruption of the frequency, magnitude, and timing of flow events and their associated natural disturbance regime are key factors leading to the degradation of floodplain ecosystems worldwide (Ward & Stanford, 1995) . As a result floodplain ecosystems continue to be a highly threatened ecosystem type and are typically high priorities for conservation (Arthington et al., 2010; Poff et al., 2007; Tockner & Stanford, 2002) . In New Zealand, this same pattern has emerged due to anthropogenic pressures on floodplains and other lowland ecosystems (DOC & MfE, 2000) . In addition, they are areas of high importance to the traditional lifeways of Māori due to the many cultural values they support (Beatty, 1920) . These values include rangatiratanga, manaakitanga, and mahinga kai (Tau et al., 1990; Jolly et al., 2013) .
Introduction to the Avon-Ōtākaro Red Zone
The sequence of strong earthquakes experienced in Canterbury during 2010 -2011 caused widespread damage and included four earthquakes exceeding magnitude MW 6.0, all on previously unrecognised faults (Beavan et al., 2012) . Surface deformation effects included liquefaction, lateral spread, subsidence, cliff and bank collapse, rockfall and alterations to hydrological regimes (Allen et al., 2014; Quigley et al., 2016) . Following the Canterbury earthquakes many thousands of homes were acquired by the government for demolition on the basis that the land was too badly damaged to be economically remediated for immediate residential redevelopment. A large tract of the land acquired, some 535 ha, runs eastward from the Christchurch CBD along the banks of the Ōtākaro / Avon River (Figure 1-1 ). This 'red zoned' area is known by various names including the 'Residential Red Zone' and Avon-Ōtākaro Red Zone (AORZ) as used here. Future uses of this land provide the context for this report. Historically, the area now occupied by the AORZ was part of an extensive network of riparian floodplain wetlands supporting a rich mosaic of indigenous ecosystems. The pre-European distribution of ecosystems was relatively well documented in the Black Maps of 1856 (Figure 1-2) . In addition, a description of historically occurring ecosystems together with their characteristic species assemblages was prepared by Lucas et al. (1997) (Lucas et al., 1997; Lucas Associates, 2011) .
This historical information highlights the underlying floodplain landforms that characterise the majority of the AORZ area. This information also provides a potential baseline for assessing the impacts of land-use change on the previous pattern of indigenous ecosystems. However, the underlying land and waterscape has now been altered by the earthquakes. Consequently, these information sources are best regarded as descriptions of reference systems that could be potentially re-created in the future. They cannot be directly used to ascertain the potential distribution of restored ecosystems, or to identify those that could be restored, without additional information on current biophysical conditions. Alongside the consideration of ecological regeneration in the AORZ, there is also a need to understand the effects of removing or re-engineering past modifications. Fortunately, there are a growing number of river restoration projects that have addressed similar contexts worldwide. These provide opportunities to test re-assembly hypotheses and improve the basic understanding of river reengineering proposals and their likely effects.
Earthquake recovery and regeneration planning
Formal planning for the regeneration of the AORZ area is being led by Regenerate Christchurch, an entity established under the Greater Christchurch Regeneration Act 2016. Regenerate Christchurch has a range of functions including to "develop visions, strategies, and Regeneration Plans" and "provide independent advice on regeneration activities to the Council and the Minister". Key components of the planning process to date include preparation of an 'Outline for the Ōtākaro / Avon River Corridor Regeneration Plan' (Regeneration Plan), and completion of initial community engagement activities including public visioning workshops to establish community needs and values. A single Regeneration Plan will be developed for the whole of the AORZ and some adjacent lands representing a total area of 602 ha. It will include areas occupied by waterways and their margins (Regenerate Christchurch, 2017) . The planning process is expected to result in a clear vision for the area, a spatial plan identifying the location of future land uses and activities to achieve the vision, and identification of key actions required for its implementation within a temporal plan.
Background and objectives of the study
The Avon Ōtākaro Network (AvON) is one of many community-based organisations that has formed since the Canterbury earthquakes. Since 2011, AvON has been working towards the creation of a multiple-purpose river park as an outcome of the earthquake recovery process. The vision of the organisation is "to promote the future use of the Ōtākaro/Avon River and the surrounding red zone lands as an ecological and recreational reserve for the community".
The specific aims of the group as found in the AvON Charter are:
 to establish a community-driven, science-informed living memorial to rejuvenate and nurture the long-term environmental, economic, community and spiritual wellbeing of the eastern suburbs and greater Christchurch.  to create a place of hope and inspiration for the people of Christchurch by restoring health and vitality to our river and its lands (Avon Ōtākaro Network, 2013) .
Alongside the work of AvON many other community groups have developed projects or proposals for land uses in the AORZ. Collectively these initiatives have mobilised a high level of interest in the future of the area. A prominent aspect of AvON's role has been to facilitate networking between the various proposals to explore the potential for synergies and encourage integration. Although many current land-use proposals are compatible with ecological restoration to some extent, very few are focussed towards restoration of a natural river corridor from the CBD to the sea despite this being a cornerstone of the AvON vision. Exceptions include the proposals developed by Avon Ōtākaro Forest Park (A-OFP) and Greening the Red Zone (GtRZ). Following commencement of the formal planning process by Regenerate Christchurch an important information gap was identified by AvON, A-OFP, and GtRZ, that is relevant to identifying and assessing the full range of options and opportunities for future uses of the AORZ. The information sought was specification of the ecological restoration outcomes that could potentially be created together with how they might be implemented. These may include opportunities to address legacy degradation issues, develop highly cost-effective land-uses, or create novel ecologically engineered environments with high societal benefits, and combinations thereof.
To help address the wider opportunities for river corridor restoration in the regeneration planning process, the Ecological Regeneration Options (ERO) project has been developed in collaboration with the above groups. The purpose of the project is to inform Regenerate Christchurch and other groups involved in planning for future uses of the AORZ. Therefore, potential audiences include Regenerate Christchurch in the context of their integrated business case assessments, proposal proponents in embedding restoration principles and synergies within their designs, and the wider community of interests in the opportunity presented by the AORZ. A key aspect is to encourage and facilitate comparisons between restoration opportunities and other land-use proposals. Better knowledge of these opportunities is expected to be useful for the identification of trade-offs and beneficial co-uses of the land and other natural resources. This information may be incorporated into many of the developing proposals for regeneration of the AORZ and will assist the integration of green, blue, and built infrastructure opportunities in both time and space.
his study is the first of three in the ERO series. The purpose of this report is to provide: (a) an overview of the floodplain characteristics of the AORZ, including consideration of potential inundation effects under sea level rise, (b) a review of international experience in large scale floodplain restoration relevant to the AORZ, (c) a synthesis of key principles for the identification of floodplain restoration opportunities in the AORZ.
Methods
This study has been conducted in two parts. Firstly a coarse level analysis of current surface elevations and hydrology in the AORZ, including post-quake changes, was conducted to characterise the study area for subsequent interpretation against floodplain management and river restoration literature. The methods used literature review and document analysis of recent technical studies in the post-quake literature and GIS-based analysis of available datasets using overlay techniques. Data sources are cited in the relevant figures.
Secondly an extensive literature review of international experience in floodplain restoration was conducted to identify principles relevant to the AORZ context. Based on the review findings, three examples were chosen for preparation of case studies. The first two case studies were chosen on the basis of similar historical degradation patterns, adjacent land uses, and river regulation context. These cases are the lower Danube and Kissimmee Rivers. The third case, the Murray River in Victoria, was chosen for its relevance to innovative environmental assessment approaches in support of flood plain restoration and planning. Transferable principles were identified through case-case comparison and used to inform recommendations for floodplain restoration approaches that could be applied in the AORZ.
Post-quake characteristics of the Avon-Ōtākaro Red Zone Earthquake effects on surface elevations and hydrology
The Canterbury earthquake sequence is one of the best documented tectonic events in New Zealand history (Quigley et al., 2016) . LiDAR data was acquired after each of the major earthquakes. Together with other remote sensing and field studies a detailed picture of land movements may be derived. Compared to pre-earthquake ground levels, the dominant trend in the AORZ is subsidence, together with lateral movement especially in the vicinity of waterway channels (Allen et al., 2014) . Subsidence predominates across all of the major areas within the AORZ (Figure 3 -1) despite some variability (Table 3- A consequence of land subsidence in the lower Ōtākaro / Avon is greater exposure to flooding including coastal inundation and the potential effects of sea level rise. Particularly in the downstream reaches of the river corridor, this has resulted in heightened connectivity to the sea. For comparison the inundation extent of a 1.15 m LVD event on ground surface elevations derived from 2012 LiDAR data illustrates that a substantial area of the AORZ in Bexley is exposed to tidal inundation if water control structures were removed (Figure 3-3) . Additionally, much of the AORZ is exposed to inundation within a 100 year planning horizon based on an expectation of 1 m sea level rise (Figure 3-4) . Under the NZCPS decisions on new infrastructure require climate change considerations to be addressed for at least a 100 year planning horizon. Despite that investments in ecological restoration are nature-based entities, they represent 'green infrastructure' that also requires a sound business case (Cohen-Shacham et al., 2016) . Future-proofing of the expected benefits of ecological restoration must therefore be secured by design. This may be accomplished through a combination of attention to the targeted restoration objectives, and the design of implementation strategies to address ecological succession and resilience to climate change. 
Implications for ecological restoration and regeneration planning
In general, the earthquake impacts were more severe in the vicinity of the estuary and waterways and included changes to ground levels and bathymetry (Allen et al., 2014; Measures et al., 2011) . Postquake studies have shown further more subtle changes in a variety of drivers important to ecological structure and function. These include substrates (Cochrane et al., 2014; Zeldis et al., 2011) , river bank and channel profiles (Allen et al., 2014 , Orchard & Hickford, 2016 and alterations to the salinity regimes of the lower rivers (Orchard, 2016a; Orchard & Measures, 2016) . The magnitude of these effects has been sufficient to drive long-term ecological changes in the distribution of species and habitats. Examples include rapid responses in the distribution of glasswort (Sarcocornia quinqueflora) and other saltmarsh species (Cochrane et al., 2014) , and spawning sites for īnanga (Galaxias maculatus) (Orchard, 2016b; Orchard & Hickford, 2016) . The full extent of these effects remains poorly understood yet is fundamentally important to the current ecology and ongoing successional processes in the AORZ. 
The bigger picture -creating room for rivers
A central theme of floodplain restoration concerns release from, or reversal of, the effects of human land use encroachment on riparian ecosystems and waterways. Many of these have been completed in the context of river regulation (Nilsson et al., 2000) , often accompanied by various forms of drainage schemes on floodplain land to assist the development of settlements and intensive human land uses.
Examining the historical pattern of human land use encroachment with regards to the naturally occurring ecosystems of the AORZ is an essential starting point for restoration planning. The combination of earthquake impacts and land acquisition via Red Zoning creates a unique opportunity to reverse undesirable aspects of previous land use decisions. However, the literature contains many examples of human land-use encroachments similar to those that have historically affected the waterways and floodplains of the lower Ōtākaro / Avon River, and there are examples of restoration initiatives in some of these contexts. One of the best examples is found in the lower Danube where floodplain restoration initiatives have been in place for several years and include studies that have reported on the ecological outcomes of attempts to reverse land use encroachment.
Case Study 1
Ecological restoration of the lower Danube floodplain Overview Floodplain restoration in the Danube River Basin (DRB) recognises the cumulative loss of natural river features and associated habitat degradation and loss of indigenous species. In many parts of the DRB the goal of floodplain restoration is to reverse these long term degradation trends to achieve restoration outcomes that include the recovery of river dynamics, natural ecosystems, and ecological functions (ICPDR, 2009 ). However, the river system and floodplain remains characterised by a high degree of interest in intensive land uses. Many of the restoration initiatives have involved re-imagining the concept of sustainable floodplain management by identifying alternatives to the historical development pattern, thereby addressing the many competing demands. The DRB is the world's most international river basin, spanning 19 countries (Figure 4-1) . In most reaches, river dynamics have become heavily impacted by human land use encroachments and direct engineering of the waterways and their margins (Figure 4 -2). A recent assessment of floodplain extent and condition found that the morphological floodplain area (delineated by post-glacial lower terraces) was 26,524 km 2 , or 3.3% of the total DRB. Active floodplains, being those currently located within flood protection dikes, cover 8452 km 2 equating to a 68% loss after accounting for the in-stream water surface area of 1724 km 2 . Including the main tributaries in the assessment raises the total loss to around 80% of the original floodplain areas (Schwarz, 2010) . Other impacts include the modification of 1,100 km of natural river banks (Schwarz, 2010 (Schwarz, , 2013 Key activities that have contributed to ecological degradation include the channelization of waterways for navigation, building of flood defences, hydropower developments, and extractions of gravel and sand (ICPDR, 2008) . As is common across Europe, flood protection works have been a major contributor to the loss of floodplain areas due to the traditional approach of building defences to confine water within the river channel (Hohensinner & Drescher, 2008) . This has resulted in a progression of engineering works that have disconnected floodplain areas from river systems, accompanied in many areas by agricultural expansion and in others by urbanisation (Habersack et al., 2014) . Signing of the Danube River Protection Convention in 1994 marked a step-change for river management. This established the International Commission for the Protection of the Danube River (ICPDR) for the purposes of facilitating a more sustainable approach to river management that addresses the competing water uses (ICPDR, 2009 ). In addition, a series of severe floods across Europe around the turn of the century forced a re-think in approaches to flood risk that resulted in heightened awareness of the role of floodplains in flood management (Barredo, 2007; European Commission, 2013) . Together with increased attention to biodiversity targets these developments have set the scene for a concerted focus on floodplain restoration across the basin that has grown steadily over the years.
Early initiatives began in the 1990s WWF 2000; and were assisted by low economic returns from agricultural polders (low-lying land enclosed by dikes) together with improved recognition of restored floodplains as a cost effective land-use alternative (Staras, 2001) . Since then, studies in the DRB have reported a range of benefits associated with floodplain restoration, including reduced flood risks in the immediate catchments of restoration projects and downstream (e.g. Schober et al., 2015) . The contemporary policy framework has also become more supportive of an integrated approach to river management in which ecological objectives are recognised. The three primary influences are the EU Habitats Directive, Water Framework Directive, and Floods Directive (Council of the European Communities, 1992; . Considerable policy progress was made in the context of the current EU Floods Directive (Council of the European Communities, 2007) that includes attention to the avoidance of further ecological degradation. This demonstrates better alignment with integrated river basin management principles in comparison to the earlier philosophy . In addition to these governance aspects, increased public awareness of the degradation of floodplains has been, and remains, an important factor driving the development of new approaches to river management in the DRB (Sommerwerk et al., 2010) .
Floodplain restoration in the lower Danube
The remainder of this case study focuses on the lower Danube where land use patterns and restoration initiatives include many aspects relevant to regeneration activities in the lower Ōtākaro / Avon River corridor. In particular, this part of the DRB is characterised by extensive channelization and river-bank engineering (Buijse et al., 2002) . Many disconnected floodplains have been converted into agricultural areas and ponds for aquaculture, and systems of man-made channels are a commonly found for drainage (Staras, 2001) . From a societal standpoint, conversion of the Lower Danube floodplains can be observed to have favoured a select few river uses at the expense of other user groups (Nichersu, 2006) . Activities that have historically sought to restrict the natural flooding dynamics of floodplains include navigation, agriculture, and residential development (Moss, 2008) .
The consequences of these alterations have been the subject of many studies. Commercial fisheries reliant on the floodplain habitat have collapsed (Staras, 2001) providing an example similar to the loss of resources contributing to mahinga kai in the Ōtākaro / Avon River and wider Ihutai catchment (Pauling et al., 2007; Lang et al., 2012) . Despite this, some areas experience increased water levels on flood peaks versus historical river states illustrating that flood risk management remains an issue . Human impacts have had a drastic effect on many aspects of floodplain ecology. Many of the effects on biota can be traced back to the curtailment of riverine dynamics, in most places associated with land use conversion. As a result, habitats characteristic of floodplain ecosystems are no longer regenerated by fluvial processes, leading to a cascade of effects on habitat structure that may occur even when other aspects of the competing land uses do not pose a direct threat to biodiversity (Naiman, 1988) .
A key step in facilitating a new river management approach in the lower Danube was establishment of an innovative project, the Ecological and Economical Resizing of Lower Danube Floodplain (REELD) (Covasnianu et al., 2010) . REELD activities have included prioritising the restoration of selected areas to enhance habitat values, and evaluating opportunities for mixed-use polder concepts elsewhere that combine cultivation and water retention functions (Covasnianu et al. 2010) . In general, REELD has been successful in resolving conflicting socio-economic demands for the use of the river and floodplains, as evidenced by a growing number of restored areas (Figure 4-3) . Key restoration measures have included reconnecting areas cut off by embankments and the reinstatement of meanders that had been bypassed by engineered channels (Staras, 2001) . Practical actions have including the blocking of man-made channels for drainage as well as the reconnection of polders through planned breaches of dikes (Figure 4-4) . 
Pristine status
Building polders and channels (1880 -1989) Restoration works (1994 -2000) The results of these measures have typically been rapid recovery of floodplain structure and function (Zöckler, 2000) . For example reconnected polders have increased spawning habitat availability for several fish species (Navodaru et al., 2005) and other benefits have included improved retention of nutrients and suspended solids (Schneider, 2002; Suciu et al., 2002) .
Challenges
Some of the challenges for the achievement and maintenance of restoration objectives in the lower Danube include invasive species and climate change (Hulea et al., 2009) . Invasive species are a particular consideration in floodplain re-connection works since these may introduce undesirable exotic species into areas that were formerly protected by the absence of connectivity (Havel et al., 2015) . The significance of these effects relates to the specific biodiversity and circumstances of the floodplain areas in question (Flanagan et al., 2015) . Particular concerns in the AORZ could include improved access for predatory species or creation of invasion pathways for plant pests.
Climate change creates another set of considerations that interacts with species distribution and connectivity aspects, both unwanted and desirable (Mauser et al., 2012; ICPDR, 2013) . As is the case in the Danube, lower Ōtākaro / Avon River corridor is exposed to sea level rise. This has the potential to exert widespread impacts due to the low-lying topography of considerable area within the AORZ. Many of the potential effects are interdependent leading to a complex set of considerations for attempts to engineer the system towards a targeted end state, or indeed, define which state is the most desirable (Flanagan et al., 2015) . For example, Hein et al. (2016) considered that disconnected floodplain remnants of the lower Danube could exhibit amplified warming effects under climate change placing their biota at greater relative risk. Re-connection of water bodies could moderate warming effects though carries with it invasive species considerations as discussed above.
The many different combinations of stressors indicate that floodplain conservation and restoration will need ongoing attention and an adaptive approach. In the lower Danube, this is being addressed by a package of measures that include the recognition of impacts, and strategies designed to enhance the adaptive capacity of ecosystems under likely climate change scenarios (ICPDR, 2013) . In general, floodplain re-connection offers several benefits that include buffering the effects of hydrological and thermal extremes and improved habitat connectivity for mobile species (Schiemer et al., 2007) . However, incremental alterations to hydrological and thermal regimes remain likely effects of climatic change and are certain to influence the outcomes of floodplain restoration measures (Vaughan et al., 2009) . The early detection of these changes is a key activity for restoration planning and longer term adaptation to climate change (ICPDR, 2013) . Additional considerations include the need to address potential interactions between discrete restoration projects and sites as these evolve over time (Sommerwerk et al., 2010) . This can be achieved through evaluation approaches that capture the outcomes of restoration at different spatio-temporal scales relevant to the system as a whole.
Conclusions
The lower Danube case shows strong similarities in the land use patterns that have contributed to historical degradation of riverine wetlands in Ōtautahi Christchurch. Regeneration activities in the AORZ include opportunities to reverse legacies of previous land use development and reinstate more natural floodplain dynamics as well as improving resilience to new threats such as sea level rise. Restoration efforts in the lower Danube have tackled similar legacy issues albeit without the impetus provided by a large scale disturbance and government land acquisition response. However, the need to address the economic implications of alternative future land uses and the cost effectiveness of redevelopment strategies are aspects in common.
The long history of restoration projects in the Danube provide examples to learn from, and numerous principles that may be useful in the design of restoration strategies for the AORZ.
Key aspects to highlight include:
 Establishment of a strategic oversight organisation (in this case REELD) was useful to achieve the finer-scale planning needed and achieve stakeholder buy-in as necessary steps prior to the implementation of restoration treatments.
 Evaluation and prioritisation assessments have been used extensively to progressively identify opportunities and consider their impacts and alternatives. Cost-effectiveness was a consideration for restoration options assessment. This accounted for the cost to implement any particular change from the status quo versus its benefits and alternatives. Benefits have been assessed primarily against the policy objectives found in three high level directives addressing water, habitats, and flood risk.
 Enlargement of the active floodplain area has contributed to reduced flood risk in terms of lowering peak water heights in the immediate catchment and also downstream during flood events.
 Restored floodplain areas were found to retain suspended matter and nutrients thus improving eutrophic conditions in downstream water bodies. Thereby the floodplain acted as a filter in comparison to a previous drainage configuration characterised by constructed drains that discharged high nutrient and sediment loads into the natural waterways effectively bypassing any filtration or other interception function. An analogous situation exists in the AORZ and in other nearby catchments (e.g. the Ashley and Waimakariri) was observed to be exacerbated by earthquake induced ground level subsidence leading to increased run-off of polluted water into existing drains, accompanied in some cases by the construction of new drains creating further point source discharges.
 The creation of high value habitat to address conservation priorities, and mixed-use concepts elsewhere were features of the broad-scale restoration strategy applied to the former floodplain areas.
 A re-engineered hydrological regime was found to be a strong driver of change mostly associated with improved ecological outcomes. Natural habitats typically recovering quickly in response to floodplain reconnection. Increased hydrological connectivity improved habitat availability for many aquatic species such as fish. Moreoever, this presented a highly cost effective technique for ecological restoration in many cases requiring only the alteration or removal of former defences.
 Reconnection of meanders and lentic water bodies was used extensively to improve habitat and ecological connectivity. This caused some negative effects on species adapted to conditions on floodplain remnants. Invasive species benefitting from improved connectivity are another consideration.
 Reinstatement of natural erosion dynamics and lateral (bank) erosion in particular, are critical aspects of natural floodplain function being essential for the self-maintenance of the full range of dynamic riparian habitats.
Adaptive management
Overcoming the challenges posed by the complexities of eco-hydrological relationships and the societal demands on rivers are core issues for successful approaches to floodplain restoration and management (Schiemer et al., 2007) . One of the best frameworks for overcoming these challenges in a practical manner is through the implementation of an adaptive approach (Ball, 2008; Folke et al., 2005; Norton, 2005) . The core concept involves an iterative process whereby complexities may be addressed sequentially in both the societal and ecological dimensions of the system. This approach provides opportunities to resolve the many difficult decisions regarding priorities, reference states, techniques, and trade-offs that are typical of river restoration (Nilsson et al., 2007) . Key benefits include the opportunity to incorporate successive cycles of learning and application to refine the overall trajectory of a project towards optimal outcomes as these become more obvious over time (Pahl-Wostl, 2006) . These learning opportunities may be applied within a programme of scientific investigations designed to explore the likely responses to alternative strategies at various scales, or as an aspect of social learning and motivational work with the wider community, and many combinations thereof.
One of the prominent international examples of this approach to river restoration is the Kissimmee River Restoration Project in central Florida. The project aims to restore the ecological integrity of a degraded river corridor that resulted from channelization for flood control purposes in the 1960s. The project area includes 70 km of river channel and approximately 11,000 ha of floodplain wetland. Although this is some 20 times the size of the AORZ regeneration project there are many similarities. A particular feature is the adaptive management approach taken, supported by a series of outcome evaluations. After several years of implementation these provide useful information on the success of the restoration strategies used.
Case Study 2
Kissimmee River Restoration Project
Overview
The Kissimmee River runs between Lake Kissimmee and Lake Okeechobee in central Florida. The historic river ecosystem was characterised by a meandering somewhat braided channel situated within an extensive riparian floodplain (Toth et al., 1995) . Under a flood control programme, the river channel was dewatered and replaced with a 9 m deep, 100 m wide excavated canal (U.S. Army Corps of Engineers, 1956) . Accompanying this, a series of embankments were created and the floodplain water table lowered by drainage channels over a large area of the river corridor. This work was completed in 1971 and caused the loss of a large area of the former floodplain ecosystem (Figure 5-1 ).
Over time, the negative impacts of the channelization project began to attract political attention (Loftin et al., 1990 ) with a particular focus on the degradation of waterfowl habitat in addition to other historic aquatic and wetland values of the area . This led to calls for restoration of the former ecological structure and function resulting in federal authorisation for the Kissimmee River restoration project in 1992 (Dahm et al., 1995; Toth et al., 1995) . Re-engineering of the river channel commenced in 1999 and has progressed through several stages. Key aspects of the wider restoration strategy include acquiring land in the catchment adjoining the river, re-establishing historic discharge patterns, and reinstatement of more natural river channels Toth, 2015) . All of these restoration treatments are applicable at various scales within the AORZ. (Toth et al., 1995) .
Prior to channelization and floodplain drainage, the hydrology of the Kissimmee River was characterised by prolonged overbank flooding . This was likely a major driver of ecosystem structure and function a mosaic of aquatic, riparian and ephemeral habitats that supported a rich biota of wetland plant species, fish, and water birds (Warne et al., 2000) . This example is especially relevant to the current opportunity presented by the AORZ due to similarities in the historical ecosystem types that were found in the area prior to modification (Tau et al., 1990) . The restoration of these ecosystems and the cultural values they support remains of high importance to Ngāi Tahu (Jolly et al., 2013; Lang et al., 2012 ). An additional activity at Kissimmee was back-filling of sections of the drainage canal which has no direct comparison in the AORZ. However, remediation of these filled surfaces, and others formed by spoil deposits from the original canal excavation, bear similarities to the filled and compacted ground conditions that are present across a large proportion of the AORZ as a result of previous residential land uses and land clearance following the earthquakes.
Implementation of the Kissimmee project has involved four major phases of re-engineering to remove water control structures, backfill old canals and reconnect natural waterways channel and floodplains . Other important steps have included land acquisition, a new headwaters regulation regime, and a restoration evaluation programme providing a feedback loop guiding implementation of the other steps ( Figure 5 -2).
Figure 5-2. Major steps and timelines of the Kissimmee River Restoration Project .
Key aspects of the Kissimmee project
Ecological integrity objective From the outset, the Kissimmee River restoration identified the concept of "ecological integrity" as the overarching goal for restoration planning. This created an opportunity to shift away from more commonplace restoration examples that single out particular species or desired functions for attention, in favour of a more ecosystem-based approach (Dahm et al., 1995) . In practice this was reflected in restoration objectives for a self-sustaining system and a focus on resilience to future events. The inclusion of resilience as a goal has similarly been recognised by Regenerate Christchurch in the Outline for the Ōtākaro/Avon River Corridor Regeneration Plan (Regenerate Christchurch, 2017). As with the Kissimmee case, inclusion of the concepts of resilience and sustainability in high level planning documents is important to guide and enable the possibility of managing for resilience in the more detailed design and implementation phases.
Opportunistic socio-ecological context
In the Kissimmee River case, the development of a restoration project and accompanying social buyin for implementation was achieved in a context where the negative effects of past modifications were reversible. For example, over much of the project area land development patterns had not advanced to the stage where land acquisition for restoration was difficult or prohibitive. The socio-ecological context also assisted the development of an adaptive approach, due to the lack of competing interests that may have introduced uncertainty over whether a large scale and long term restoration project would eventuate. The AORZ may offer a similar socio-ecological context albeit generated by a different set of historical events. The acquisition of a large tract of contiguous land offers similar opportunities to consider ecosystem-level restoration objectives consistent with an integrated wholeof-system approach to river corridor restoration. This creates a unique opportunity since antecedent societal conditions often present challenges in the restoration of channelized river systems. Factors such as complex resource allocation arrangements and land tenures are commonplace and often prohibitive (Arthington et al., 2010) .
Adaptive management philosophy
The approach developed for the Kissimmee identified adaptive management as a core process that would direct restoration planning activities (U.S. Army Corps of Engineers, 1991). Although commitment to large scale re-engineering components was secured early on, the exact implementation of these was the subject of considerable experimentation. This approach was the cornerstone of a strategy to maximise the eventual benefits despite that their accurate quantification was initially unknown. Given the unprecedented scale and cost (approx. USD$620 million) of the restoration initiative (Bousquin, 2008) this philosophy is highlighted as a critical component that eventually contributed to the level of success.
Information acquisition using pilot projects
Demonstration and pilot projects were used to overcome technical questions and produce information on the expectation restoration trajectories of key components of the ecosystem (Figure 5-3) . Examples included backfilling demonstration areas monitored for five years to identify technical issues regarding soil stability (Anderson, 2014) . Social elements were also included to identify the changing public perceptions for the project and its potential future benefits (Koebel & Bousquin, 2014) . The results of the demonstration projects were documented in a symposium volume (Loftin et al., 1990) , technical bulletin (Toth, 1991) , and several peer-reviewed papers.
Figure 5-3. Map of the Kissimmee River from Anderson (2014) showing the locations of the reconnected river channel in the Phase I of the restoration project water control structures, and reference areas where the demonstration study was conducted. Note that the control structure S-65B was removed as part of the restoration project.
A similar approach could be useful in the AORZ to evaluate impacts of embankment reconfiguration at smaller scales to inform the prediction of restoration trajectories at larger scales, for example as part of a staged approach. Several studies have shown highly dynamic effects including rapid channel widening and downstream sedimentation associated with the release and recovery of previously retained river channels (e.g. Thomas et al., 2015) and incised river channels more generally (e.g. Beechie et al., 2008) . Pilot studies could be a useful approach to assess and manage these effects.
Other studies at Kissimmee sought to relate small scale river dynamic manipulations to the overarching project objective of ecologic integrity . The findings are likely transferable with regard to this objective. The key conclusion that emerged was the reinstatement of natural hydrologic regimes as a central strategy for restoring floodplain ecological integrity . Consequently, this became the central restoration objective. Remaining practical considerations included the definition of appropriate reference conditions and acquisition baseline measurements against which restoration predictions could be made to support more detailed planning, and outcomes assessed to gauge progress .
Re-establishing dynamic components of the environment
Acceptance of a shifting and highly dynamic biodiversity pattern in time and space is a central issue for wetland restoration (Zedler, 1988 ) and a necessary aspect for ecological integrity and selfmaintenance as restoration objectives. At Kissimmee ecological integrity has been promoted primarily through restoration of floodplain structure and function. Although predictions of expected responses have also received consideration (e.g. as summarised in Anderson et al., 2005) and they have generally not driven the restoration strategy (Toth et al., 1995) . Core restoration activities have included re-establishing spatial and temporal diversity in river corridor habitats through attention to aspects such as channel morphology, deposition dynamics, and discharge variability, many of which have inter-related effects. At larger scales the expected biotic outcomes include reinstatement of a mosaic of habitat conditions. At the finer scale the resultant species assemblages have not always met a priori species dominance predictions (e.g. Toth, 2016) .
The identification of hydrologic components including variability is an innovative aspect of the restoration approach differing markedly from criteria based on a deterministic optimum. Implications include the need for continual re-evaluation to inform a restoration strategy that is designed for adaptive re-adjustment (Suding, 2011) . Although expert and local knowledge has been employed extensively in the development of expectations for restoration trajectories, assembly rules have been found to be of limited use past the initial phases of restoration (Toth & van der Valk, 2012) . Vegetation studies (e.g. Toth, 2015; have shown that continuing dynamics are often the source of confounding factors for the attainment of long term goals. Examples include both new and legacy effects and their interaction over the successional timeframe important to key ecosystem components.
Monitoring & evaluation process
Throughout the Kissimmee project, feedback from the ecosystem and the human users has driven adaptation of the process. The core evaluation model made use of a GIS-based hierarchical habitat classification scheme and accompanying bio-physical data. This accommodates a multidisciplinary approach that includes monitoring of many aspects (e.g. hydrology, substrates, chemistry, flora and fauna). The need for comprehensive monitoring to evaluate the success of the restoration project was identified early in project development and documented within the final Integrated Feasibility Report (IFR) for the project (U. S. Army Corps of Engineers, 1991).
Development of the evaluation programme has itself produced an exemplar for other projects in the USA and further afield (Bernhardt et al., 2005) . As is the case in the AORZ, opportunities for benefits spanned both land and water environments. Conceptual models of restoration benefits linked to monitoring programmes designed to detect them were developed for many components of the project site and adjacent area (e.g. nearby communities). These included aspects of the vegetation, avifauna, fish, and invertebrates, as well as the health of the overall ecosystem (Dahm et al. 1995) . The initial evaluation framework was documented (Anderson & Dugger, 1998) as were the processes used to develop expectations for specific restoration actions (Toth & Anderson, 1998) supporting opportunities for re-evaluation and learning in both the societal and biophysical aspects of the project.
Biophysical aspects of the monitoring and evaluation effort was organised around four major topics: ecological, hydraulic, sedimentation, and stability (U. S. Army Corps of Engineers, 1991) . The ecological components included specific attention to water quality, habitat, threatened and endangered species, birds, fish and fisheries as part of comprehensive approach to support the restoration objectives (Table 5-1) . Before-after-control-impact (BACI) analyses (Stewart-Oaten et al., 1992; Underwood, 1992) have been used to assess many of the evaluation questions . This approach considers the restoration treatment as the impact and evaluates the response against a similar area that has not been treated (the control). The experimental and staged approach to the restoration has specifically set aside control areas to enable this type of study and the results used to inform future stages. 
Vegetation responses
In 1998, a network of sampling locations was established to evaluate restoration responses of wetland plant communities compared to reference sites outside of the restoration area (Toth, 2005) . Another study used daily stage data to calculate hydroperiods and inundation depths at the study sites for comparison to historic floodplain dynamics (Toth & van der Valk, 2012) . The results showed that the dechannelisation programme had re-established a flood-pulse regime that was comparable to historical patterns. Results from vegetation monitoring showed that rapid vegetation change had occurred following reinstatement of a more natural flooding regime, as expected. The major changes included the elimination of pasture grasses and facultative shrubs that were intolerant of the inundation regimes. However the predicted dominance of historically occurring (indigenous) wetland vegetation did not eventuate due to the spread of relatively new exotic species in the area (Toth, 2010; Toth & van der Valk, 2012) .
A study based on species turnover rates (Toth, 2015) related these changes to invasibility aspects of the restored system versus the modified pre-restoration state. This highlighted that increased opportunities for invasion are fundamentally important to the restoration process following a 'working with nature' type approach that depends on the extant seed bank for recolonisation of the hydrologically restored areas (Arnold et al., 2009) . Since the same invasibility may offer opportunities to exotic species (Lonsdale, 1999) , trials to quantify the likely effects are useful to inform the best strategies and investments that may be needed to ensure success. Potential issues include the availability of local seed sources (Markwith et al., 2014) and opportunities for exotic species to establish an alternative stable state (Holling, 1973) or long-term transient state (Fukami & Nakajima, 2011) that are counterproductive to restoration objectives (Toth 2016a; .
In other instances exotic species have been shown to assist the attainment of conservation objectives (Ewel & Putz, 2004; Schlaepfer et al., 2011) . Risk assessment that addresses the specific restoration context provides a practical basis to address these important decisions. On sites that are already highly modified the human element is a key consideration in developing a philosophy on exotics and is strongly influenced by the objectives for indigenous species that are identified as being important.
Conclusions
Many aspects of the Kissimmee Restoration Project are relevant to the regeneration potential of the AORZ. Of particular note is the substantial opportunity to apply the 'working with nature' approach. In the context of New Zealand's largest floodplain regeneration project to date this approach could improve cost-effectiveness if successful strategies can be identified in comparison to intensive treatments such as planting. In addition, the adaptive approach exemplified at Kissimmee provides a practical means to address knowledge gaps. These are likely to arise due to ecological succession processes whilst it is also important to manage for resilience to climate change. In combination, these are important aspects for managing risks to the expected benefits and to enable readjustment of objectives and investments as required.
Perhaps to a greater degree than any comparable project Kissimmee exemplifies the benefits of implementing action through experimentation and learning. A feature of the project has been the use of small scale studies to optimise the design of specific restoration treatments within an overall strategy. As in the Danube example, these treatments explored the potential gains offered by hydrologic restoration alongside other investments. However, additional innovative components include the use of whole-system conceptual models to guide the project, including the development of its experimental aspects, from the very beginning. This same opportunity is available to the AORZ.
Tangible results of this conceptual focus have included widespread buy-in for a focus on wholesystem outcomes that accommodate multiple desirable objectives and are self-maintaining over time. This foundation is important since it enables a focus on integration across the many sources of potential benefits. In turn, the implementation of this strategy has required attention to trade-offs where they occur despite that the theoretical basis centres on the assumption that a more natural floodplain structure and function will support the greatest range of resources and values (Toth et al., 1995) . To address this, the project has invested heavily in an ecosystem-based monitoring and evaluation programme to support restoration planning and adaptive decision making with a specific focus on establishing the outcomes that have, and could be achieved. This represents a comprehensive approach to dealing with uncertainty and decision making, whilst also providing evidence to confirm successes or otherwise at each step of the way.
The inclusion of local knowledge, for example in the recognition of historical patterns and considerations around reference states, is an additional strength of the project. Alongside this, the recruitment and retainment of a core multi-disciplinary team of people invested in the project is a defining feature that has helped facilitate the adaptive management approach. Governance and leadership have also been important aspects. Interagency coordination was a key focus from the outset and has helped to gain consensus on priorities and objectives, together with the measurement criteria to be used to gauge success and the approach required for implementation.
Environmental water allocation for floodplain restoration
Learning from the Kissimmee River project and elsewhere suggests that an experimental, adaptive approach to large scale river restoration can be successful. In that example, water control structures were progressively removed and channel configurations re-engineered in phases to create a staged approach coupled to an extensive monitoring and evaluation programme. A different though complementary approach involves planned watering of the floodplain whilst the existing water control infrastructure remains in place. All of these approaches can be related to the wider topic of environmental water allocation (EWA).
Within the AORZ the planned watering approach could be used to kick-start restoration of selected sites as pilot projects or as part of a wider adaptive programme. In particular, there are practical opportunities for diversion of flood flows to selected sites using existing stormwater network infrastructure. Such projects could be combined with the daylighting of sections of the current network, the creation of constructed wetlands to receive flows as part of a treatment train prior to discharge, and combinations of these integrated within a staged approach to reconnecting and restoring the hydrology of former floodplain areas. Examples of environmental water allocation elsewhere in Ōtautahi Christchurch include a recent Christchurch City Council proposal to create an urban forest in Woolston. The 2.75 hectare project will involve lowering ground levels at the site by up to a metre and diversion of stormwater from a nearby drain to create suitable hydrological conditions for the establishment of floodplain forest species.
In more heavily regulated river and estuarine systems, decisions on allocation of water to the environment require strategic planning to address competing resource demands, which may include flood protection demands, thereby ensuring the best range of outcomes. Worldwide, there has been increasing interest in EWA approaches to sustain floodplain and wetland values (Arthrington et al., 2010) . A prerequisite for this planning is comprehensive information on the flood-dependency of natural values. Although, floodplain plant communities are known to be structured by characteristics of the inundation regime predicting the ecological effects of hydrologic alterations is difficult (Olden & Naiman, 2010; Zelder & Callaway, 1999) . There remain few examples where the specific flood pulse requirements of natural occurring vegetation have been established (Paillex et al., 2009; Toth & van der Valk, 2012) . This topic will only become more important for lowland floodplain restoration strategies in New Zealand, and elsewhere, due to increasing human pressures on these systems coupled with the challenges posed by climate change. The following case study illustrates recent progress in this under-researched topic. The example comes from a Victorian government initiative that recognised the need for improved information on effects of flood pulse regimes on the natural values of the Murray River catchment (Ballinger & Mac Nally, 2006) .
Case Study 3
Murray River floodplain restoration
The Living Murray project
The Living Murray is a large scale river restoration programme established in 2004 with a focus on addressing negative effects of historic river regulation. In the lower Murray-Darling Basin (MDB) overbank flooding can only occur in extremely large flood events due to extensive river engineering. Much of this is designed to harvest flows for agriculture with water being diverted to irrigation storage schemes. Overbank flooding occurs only when these are full (VEAC, 2006) . This regulates peak water levels in downstream reaches with the effect of reducing the frequency and size of flood events experienced by most of the floodplain (DSE, 2008).
VEAC (2006) highlighted the long-term environmental impact that insufficient flooding is having on the survival of riverine forests and wetlands. Riverine flood events are critical for conservation of the region's biodiversity due to aspects that include maintaining ecological connectivity between otherwise fragmented habitat patches (Ballinger & Mac Nally, 2006) . This connectivity is an important determinant on the geographic range of many plants and animals (VEAC, 2008b) . Recently, the reduction in flooding has been exacerbated by continuing drought, and it is likely that the situation may worsen under climate change due to reduced rainfall and increased evapo-transpiration resulting in reduced runoff (DSE, 2008) . Several studies have indicated that floodplain dewatering is having adverse effects on biodiversity including riparian forest habitats characterised by River Red Gum (Eucalyptus camaldulensis) and Black Box (E. largiflorens) (Cunningham et al. 2007; MDBC, 2003; VEAC, 2008a) . It has also contributed to the development of acid sulphate soils (McCarthy et al., 2006) and has reduced opportunities for water-based recreation (VEAC, 2008b) . Despite this, water allocations for environmental purposes were, until recently, restricted to a very limited number of floodplain sites, generally being 'icon sites' identified for particular conservation objectives (Leslie & Ward, 2002) .
Barmah-Millewa EWA initiative
In 2005 a Victorian government initiative began investigations into River Red Gum forests and associated ecosystems in the lower Murray-Darling Basin (MDB) with a focus on the impact of insufficient flooding on riverine forests and wetlands (VEAC, 2006) . At the time, EWA initiatives were already being explored at the Ramsar-listed River Redgum (Eucalyptus camaldulensis) forests at Barmah-Millewa (Figure 6-1) , one of the six icon sites for conservation (King et al., 2010) . Historically, this floodplain area supported a diverse range of fish and other aquatic species that provided a major food source for the local aboriginal community (King, 2005) as did the lower Ōtākaro / Avon River for local Māori communities (Tau et al., 1990) .
A series of EWA initiatives have been conducted at Barmah-Millewa following an experimental approach. This sought to generate information on ecosystem responses to inform the potential use of EWA at other sites under the Living Murray initiative, as well as achieve specific objectives at Barmah-Millewa. These target objectives included improving vegetation health, enhancing spawning and recruitment of native fish and frogs, and improving habitat for water birds (King et al., 2010) . A large floodplain watering event was completed in the 2005-2006 summer, resulting in Australia's largest EWA initiative to date with the allocation of 513GL to the Barmah-Millewa floodplain. The bulk of the release made between October and December 2005 providing medium level flooding across over half of the floodplain area (King et al., 2010) . Hypothesis driven studies were designed to test responses in relation to key ecological objectives and also to guide design of the inundation regime for the release. Significant results included evidence in support of several of the hypothesised ecological outcomes. These included enhanced vegetation growth, and stimulation of a major water bird breeding event (King et al., 2007; . (King et al., 2007) .
One of the knowledge gaps addressed was the effects of various water management arrangements on the spawning and recruitment of native fish species. To investigate these effects, the 2005 initiative was designed to support a three year study of effects on four key species (King et al., 2007; . Two years of pre-EWA data were collected during which hydrological conditions were similar, and the third year of the experiment coincided with the period of floodplain inundation. The study showed increases in spawning activity occurred for two of the four species in response to the EWA, and despite some variability, evidence of enhanced recruitment for all species (King et al., 2009; . Although knowledge gaps remain, these results demonstrate the potential for EWA to enhance fish spawning and recruitment. Less successful outcomes were also recorded including a large numbers of native fish being trapped in drying pools following the inundation period (Jones & Stuart, 2008) . Other undesirable effects included increased spawning, recruitment and dispersal of exotic fish (Macdonald & Crook, 2006; Stuart & Jones, 2006) and increased spread of an exotic waterweed (King et al., 2010) . As with the initiatives at Kissimmee, the learning gained from the experimental approach taken has helped raise awareness of the information gaps and complexities to be addressed in planning for future river restoration projects using hydrologic techniques.
Establishing the flooding requirements of natural floodplain values
Globally, the habitat requirements of fish and birds have been commonly used as a guide for establishing inundation objectives in river and floodplain restoration projects (Miller et al., 2004; Welcomme, 2008; Turnhout et al., 2012; Twedt, & Best, 2004) . Similarly, indicators based on fish and fisheries responses are often used as indicators for evaluation (Jungwirth et al., 2000; Lasne et al., 2007; Schiemer, 2000) . There has been much less attention to establishing the inundation requirements of a wide range of species and habitats as is required to support more integrated approaches to floodplain management through simultaneously considering a range of natural values. An example is a study conducted by the Victorian Environmental Assessment Council (VEAC) in connection with restoration of the Murray River (VEAC, 2006 (VEAC, , 2008a 2008b) . Its objectives were to support management decisions, particularly involving EWA, beyond a focus on the 'icon sites' to include the full extent of river's floodplain ecosystems.
The analysis was applied to a large proportion of the Murray River and major tributary floodplain areas in Victoria (Figure 6 -2). The study considered a broad range of natural values relevant to conservation planning and river management by using habitat units based on ecological vegetation classes (EVCs). These were identified and mapped using a classification system that considered a combination of floristic, life form and ecological characteristics (Peake et al., 2011; VEAC, 2008b) . Outputs included identifying the location and extent of vegetation communities that are at least partly dependent on flooding and therefore require attention in water management arrangements particularly in connection with river regulation (Figure 6-3) . A range of scenarios were produced for these areas to illustrate options for management across multiple values.To support impact assessments, restoration planning and other decision making contexts the study provided estimates of inundation requirements for each natural value for components such as flooding frequency, maximum period without flooding and minimum duration of each flooding event before significant deterioration occurred (Peake et al., 2011) . Overall this study represents a practical approach to bringing together information on multiple values to support the development of an integrated management approach. Although it was applied to a much larger area than required for regeneration planning in the AORZ the underlying philosophy and range of natural values considered are highly relevant. The use of GIS-based data visualisation techniques are a strength of the approach used in the Victorian study. The spatial data can be used for scenario modelling to compare the outcomes of different EWA opportunities and potentially other restoration techniques across the entire project area, producing a useful tool for identifying trade-offs and optimising promising strategies. Spatially explicit scenarios may also be readily visualised for the public providing a platform to support community engagement and public input to the scenario generation and evaluation process. A similar approach offers a potentially useful decision support tool to support conservation planning and adaptive management in the Ōtautahi Christchurch context.
Conclusions
The allocation of water to and across the riparian margins of waterway channels is a fundamental issue for floodplain management, particularly where these areas are subject to human impacts. In this context, allocation is defined in a whole-system sense with particular focus on the distribution of water across the catchment and deviations from the natural pattern. Such deviations can exert differential effects in different parts of the catchment and may include altered hydrological gradients and flood pulse characteristics of riparian and floodplain areas. Human modification may originate by many means including via abstraction of in-stream flows, impoundment of water in dams, floodplain dewatering through the use of embankments, or lowering of groundwater levels using incised drainage channels (Tockner et al, 2008) .
In the AORZ context, in-stream abstraction is not generally an issue (with the exception of the potential effects of alpine river abstraction on spring flows) and impoundment is restricted to stormwater detention facilities designed to lower flood risk, primarily in upstream reaches. However, floodplain dewatering through embankments and artificial drainage are prominent features of the AORZ. For conservation and restoration activities the significance of water allocation does not so much revolve around a single preferred hydrologic configuration given that regeneration of the AORZ may include a variety of land-uses. Continued use of hard defences and/or engineered drainage patterns may be desired for some AORZ land-uses together with the need to address flood risk in adjacent residential areas. However it is a useful concept to explore in the context of hydrologic restoration. As shown in the Kissimmee case, restoration of a more natural hydrologic regime can be adopted as a core objective. The Murray River case shows how the same concept may be adapted and applied within a highly regulated allocation context.
A potential approach to environmental water allocation within the AORZ involves commitment to a staged progression of hydrologic changes once decisions on the range of land uses and role of existing defences have been made. Re-engineering of drainage and flood defence arrangements can then be planned to drive desirable changes in riverine and floodplain ecology through effects on both water level and salinity regimes.
There are at least two major knowledge gaps that will require attention. These are:
(a) Impacts of drainage and flood defence decisions on hydrodynamics within the AORZ, together with evaluation of the ecological effects on restoration opportunities and objectives. Key topics include establishing the likely eco-physiological effects on desirable habitats, possible alternatives, spatial patterns, and successional trends. (b) Re-evaluation of the longer term sustainability of potential restoration strategies. In keeping with current climate change adaptation policy this assessment requires consideration of at least a 100 year planning horizon with sea level rise being an obvious physical driver that will exert widespread effects. In practice this is amenable to an iterative process whereby various hydrologic scenarios could be evaluated for resilience over time following the recommended guidelines for the assessment of climate risk.
Floodplain restoration principles
Several strong themes can be identified from the literature reviewed and cross-case comparisons presented in this study. Many of these are relevant to regeneration planning in the AORZ and could usefully inform the development of an innovative, integrated, and forward thinking approach.
Key transferable principles that could be applied are:
 The regeneration of more natural hydrological regimes is a core potential strategy that may underpin the attainment of other benefits through influences on ecological structure and function. A re-engineered hydrological regime is a strong driver of change often associated with improved ecological outcomes.
 The attainment of a self-maintaining system is promoted by restoring natural hydrodynamic regimes, together with associated disturbance, erosion, and deposition processes. Reinstatement of natural erosion dynamics and lateral (bank) erosion in particular, are critical aspects of natural floodplain function being essential for the self-maintenance of the full range of dynamic riparian habitats. This requires a degree of tolerance of channel migration.
 A fundamental step for restoration planning is an assessment of floodplain reconnection potential with regards to existing channel configurations and former floodplain remnants (such as ox-bows). Reconnection of meanders and lentic water bodies has been used extensively to improve habitat and ecological connectivity. This has caused some negative effects on species adapted to conditions on floodplain remnants and invasive species benefitting from improved connectivity are an additional consideration. However, natural habitats typically recover quickly in response to floodplain reconnection. Increased hydrological connectivity offers improved habitat availability for many aquatic species such as fish. Moreoever, this presents a highly cost effective technique for ecological restoration in many cases requiring only the alteration or removal of former flood defences.
 Environmental water allocation is a useful concept to explore in the context of hydrologic restoration. The concept may be applied in the sense of periodic restoration of lost hydrological connections or as a component of a staged approach to floodplain reconnection associated with the progressive retreat of flood defences and other forms of drainage. In each case, optimisation of the environmental allocation is assisted by establishing the likely ecological responses to hydrological manipulation in target areas, together with associated effects on natural values and key habitats.
 A focus on high value habitat to address conservation priorities, and on mixed-use concepts elsewhere provides a potential framework for restoration planning. A systematic and spatially explicit assessment of the flood-dependency of natural values is a useful decision tool that supports trade-off assessment when allocating or restricting natural flows.
 An adaptive management approach provides a practical means to address knowledge gaps and predictive challenges such as those arising from complex relationships, ecological succession and the future effects of climate change. Assessment of restoration potential also requires attention to societal aspects such as competing uses. These aspects may be supported by an iterative and adaptive approach with a focus on identifying opportunities and issues as they arise using the best available information.
 Evaluation and prioritisation assessments are beneficial throughout the adaptive management cycle to progressively identify opportunities and consider their impacts and alternatives across multiple values. Whole-system conceptual models can be useful to guide project development and identify information requirements and implementation options.
 Investment in a comprehensive monitoring and evaluation programme supports restoration planning, innovation, and adaptive decision making with a specific focus on establishing the outcomes that have, and could be achieved. This also helps reduce risks associated with uncertainty and change.
 Small scale pilot studies and demonstrations offer opportunities for innovation and experimentation. These may help inform the design of larger scale initiatives and provide opportunities for community engagement, participation, and learning.
 Recruitment and retainment of a multi-disciplinary science team provides practical support for an adaptive management approach centred on iterative cycles of design, implementation and learning. The inclusion of local and traditional knowledge and practical know-how are important elements. Science outreach, communication, and participatory opportunities are additional aspects that support the cross-sector and cross-disciplinary integration needed.
 Governance and leadership are important aspects. Attention to interagency coordination and strategic oversight functions help to achieve stakeholder buy-in, gain agreement on priorities and objectives, establish suitable measurement and reporting criteria, and identify opportunities for implementation.
Key conclusions
There are internationally proven strategies available for hydrological and ecological restoration in the AORZ. These approaches are consistent with a city-to-sea philosophy for river corridor regeneration that accommodates ongoing dynamics including ecological succession, climate change, and resilience to sea level rise.
Due to the difficulty of producing accurate a priori predictions of complex eco-hydrological relationships and expectations for restoration and successional change, an adaptive management approach is recommended.
A feature of prominent and successful river corridor restoration projects has been the assembly of a core science and information management team able to support and guide the development and implementation of an adaptive management approach. Local and traditional knowledge, practitioner know-how, and technical expertise in ecosystem-based management and the restoration ecology of key taxa are some of the recommended knowledge and skill sets for inclusion. Attention to governance, outreach, science communication, and citizen science activities are additional dimensions that can support the successful implementation of adaptive management in practice.
Comparative evaluation of restoration options can occur at many different points within an adaptive management cycle to facilitate decision-making. These assessments may help refine or select a short list of options at strategic decision points before committing resources to greater levels of detail. These aspects may be readily included in the proposed Integrated Assessment activities and Better Business Case evaluations being developed to support the regeneration planning process for the AORZ.
An adaptive approach can accommodate experimental trials, pilots and innovative demonstrations at small scales to inform the design and planning of larger scale initiatives.
Close proximity to the central city provides many opportunities for community engagement, education, and experiential activities to feature prominently in the development, design, and implementation of restoration strategies. These have been shown to be the source of beneficial outcomes in other successful projects, including through the socialisation of restoration objectives, and by encouraging participation, buy-in, and ownership of the new management paradigms that may be implemented.
The process of developing and implementing an adaptive management strategy could be a significant source of benefits in relation to overall project objectives. Attention to, and development of this process is an important component of identifying specifications for ecological restoration in the AORZ, consistent with a socio-ecological systems approach to managing common-pool natural resources. The objective of developing and implementing optimum restoration and regeneration activities lies at the centre of this process and is a dependent on it. To address this further, information on the potential opportunities and benefits offered by innovative restoration processes were among the topics addressed at the ERO workshop (Orchard et al., 2017) .
Ecological restoration activities in the AORZ offer an unprecedented opportunity to address national priorities including the remediation of legacy effects on lowland biodiversity and associated cultural values. Through attention to design and integration between compatible activities and co-uses ecological restoration can be achieved alongside, or incorporated within other beneficial land use options.
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